Structures and magnetic and electrical properties of quadruple perovskites containing rare earths Ba 4 LnM 3 O 12 (Ln = rare earths; M = Ru, Ir) were investigated. 
Abstract
Structures and magnetic and electrical properties of quadruple perovskites containing rare earths Ba 4 LnM 3 O 12 (Ln = rare earths; M = Ru, Ir) were investigated. They crystallize in the 12L-perovskite-type structure. Three MO 6 Measurements of the electrical resistivity of Ba 4 LnM 3 O 12 and its analysis show that these compounds demonstrate two-dimensional Mott-variable range hopping behavior.
Introduction
Perovskite-type oxides have the general formula ABO 3 , in which A represents a large metal cation and B represents a small one. Structures of perovskite compounds can be regarded as the stacking of close-packed AO 3 layers and the filling of subsequent octahedral sites by B site ions.
The difference in the stacking sequence changes the way of linkage of BO 6 octahedra: the corner-sharing BO 6 in the cubic perovskite (3L: three-layer) with abc… sequence, the face-sharing BO 6 in 2L-perovskite (2L: two-layer) with ab… sequence, and mixed linkages between the corner-and face-sharing in various intergrowth structures [1] .
The rare earth ion is relatively large and tends to adopt a high coordination number. Therefore, the rare earth ion usually sits at the A site of the perovskite oxides ABO 3 , and does not much contribute to their magnetic properties. By selecting large alkaline earth elements such as Sr and Ba as the A site atoms, one can accommodate the rare earth (Ln) with smaller transition elements (M) at the B sites. Many researchers have been interested in the properties of the perovskites containing pentavalent ruthenium and iridium ions. Such highly oxidized cations from the second and third transition series sometimes show quite unusual magnetic behavior.
The stacking sequence is controlled by changing the ratio of the Ln and M ions. Double perovskites Ba 2 LnMO 6 are formed (doubling the formula unit, Fig. 1 (a) ), when the size and/or charge of the Ln and M cations are sufficiently different. The Ln and M ions are regularly ordered over the six-coordinate B sites. These compounds show antiferromagnetic transitions at low temperatures , and the Neel temperatures for Ba 2 LnRuO 6 compounds change widely from 26 to 117 K [14, 15] . This feature is affected by the properties of Ln ions.
When the ratio of Ln:M is 1:2, triple perovskites Ba 3 LnM 2 O 9 are formed ( Fig. 1 (c) ). Two MO 6 octahedra are connected by face-sharing and form a M 2 O 9 dimer. These dimers and LnO 6 octahedra are placed alternately; thus, 6-layer (6L) structure is generated (the stacking sequence: abacbc...). Magnetic properties of these compounds have been investigated .
In the Ba 3 LnM 2 O 9 , the ground state of the total spin of the isolated M 2 O 9 dimer may be zero, They were well mixed in an agate mortar. The mixtures were pressed into pellets and enclosed 5 with platinum tubes, and they were sealed in evacuated silica tubes. They were fired at 1250°C for 12-204 h. Details were described elsewhere [57, 58, 60] .
X-ray diffraction analysis
The obtained phases were identified by powder X-ray diffraction (XRD) measurements.
They were performed with using a Rigaku Multi-Flex diffractometer with Cu-Kα radiation. The data were collected by step-scanning in the angle range of 10° ≤ 2θ ≤ 120° at a 2θ step-size of 0.02°. The X-ray diffraction data were analyzed by the Rietveld technique, using the programs RIETAN2000 [61] .
Magnetic susceptibility measurements
The temperature-dependence of the magnetic susceptibility was measured in an applied field of 0.1 T over the temperature range of 1.8 K ≤ T ≤ 400 K, using a SQUID magnetometer (Quantum Design, MPMS5S).
Specific heat measurements
Specific heat measurements were performed using a relaxation technique by a commercial heat capacity measuring system (Quantum Design, PPMS) in the temperature range of 0.5-400
K. The sintered sample in the form of a pellet was mounted on a thin alumina plate with Apiezon grease for better thermal contact.
Electrical resistivity measurements
The temperature dependence of the electrical resistivity was measured by the dc four-probe technique in the temperature range of 60-1,000 K. The sample was sintered and then cut into a piece approximately 3.5 mm × 3.5 mm × 1 mm in size.
Results and Discussion

Structures and the oxidation states of Ba 4 LnM 3 O 12
Quadruple Table 3 ). That is, the contribution of the Ir Fig. 4 (c).
The highest occupied e g orbital of the Ir 3 O 12 trimer should be split into two singlets by the monoclinic distortion, which causes the S = 0 ground state of the filled HOMO level (S trimer = 0). 3 and the schematic energy level diagrams are illustrated in Fig. 4 (a) have the S = 1/2 ground state (see Fig. 4 (d) 4 , indicating the S = 0 state of the filled HOMO, as shown in Fig. 4 (b was evaluated by subtracting the contribution of the lattice specific heat (C lat ) from the total specific heat (C mag = C p -C lat ). The lattice specific heat (C lat ) from the total specific heat was estimated by using the specific heat data of Ba 4 CeRu 3 O 12 . By the relation S mag = ( )dT T C mag ∫ , the magnetic entropy change for Ba 4 PrRu 3 O 12 was calculated to be 5.20 J/mol K, which is near to R ln2 = 5.76 J/mol K (R : gas constant) (Fig. 8 (b) ). This result clearly shows that the antiferromagnetic ordering is due to the ground Kramers doublet of Pr 4+ in a low-symmetric crystal field. (Fig. 4 (d)). 
Effective magnetic moments of
and they are shown in Fig. 9 . Experimental values are comparable with the calculated moments (Eq. (1) 
Electrical resistivity of Ba 4 LnM 3 O 12
The electrical resistivity of Ba 4 EuM 3 O 12 (M = Ru, Ir) is plotted as a function of reciprocal temperature in Fig. 11 (a) . All the Ba 4 LnM 3 O 12 compounds are nonmetallic in the temperature range 60 < T < 1,000 K, showing the increasing resistance with decreasing temperature.
Attempts to fit the observed data to a simple Arrhenius model were unsuccessful. The Mott variable-range hopping (VRH) model [65] ,
was taken into account. When the parameter n is 2, experimental data show good linearity (see 
Conclusions
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